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Introduction
Recent Magnetosphere Multi-Scale (MMS) observations have revealed high energy (≥ 40 keV) electrons leaking into the magnetosheath [Cohen et al., 2017] . While the Global Lyon-Fedder-Mobarry (LFM) MHD model [Sorathia et al., 2017] with test particles suggest that magnetic reconnection and the nonlinear Kelvin-Helmholtz instability (KHI) could cause the leakage of high energy electrons into the magnetosheath, the origin and the dominant leaking mechanism is not well understood. It is important to note that many of the electron leaking events were observed close to Equinoxes when the MMS orbit has a significant y-component and the z GSM coordinate can be substantial (up to ≈ 5-7 R E ). As an example, Figure 1 shows the MMS location in GSM coordinates for six of the observed electron leakage events (one from each month of the list provided by Cohen et al. [2017] ). It is evident that closer to the fall (23rd of September, 2015) and spring (March 20th) equinoxes, the MMS orbit has large z GSM -coordinates and is close to the southern cusp or associated boundaries. The November and December events, while having a small z GSM -coordinate, are close to the southern dayside magnetopause and possibly the cusp boundary when dayside magnetosphere is tilted toward positive z GSM . It therefore may be possible that some of the MMS high-energy electron events observed in the magnetosheath may indeed have a high-latitude source.
It has been well demonstrated that magnetic reconnection between the Interplanetary Magnetic Field (IMF) and Earth's magnetic field surrounding the magnetospheric cusps can lead to the formation of cusp DiaMagnetic Cavities (DMCs) [Nykyri et al., 2011a,b; Adamson et al., 2011 Adamson et al., , 2012 , extended regions of decreased magnetic field surrounding the high-altitude cusp funnel, which can be filled with higher energy (> 30 keV) electrons, protons and O + ions [Chen and Fritz , 1998; Fritz et al., 1999; Chen and Fritz , 2001; Zhang et al., 2005; Whitaker et al., 2006 Whitaker et al., , 2007 Walsh et al., 2007; Niehof et al., 2008; Walsh et al., 2010; Nykyri et al., 2012] . While the origin of these high-energy particles in the cavity has been under some debate (see e.g Nykyri et al. [2011a] and references therein), the test particle simulations , and the presence of the high fluxes of energetic 90 degree pitch-angle electrons in strongly depressed magnetic field regions [Walsh et al., 2010; Nykyri et al., 2011a Nykyri et al., , 2012 suggest that the bow shock or magnetosphere can not be the direct and the only source.
Recently, Luo et al. [2017] performed a statistical study using 11 years of high energy (> 274 keV) proton and oxygen data. Their results indicate that the energetic ion distributions are influenced by the dawn-dusk interplanetary magnetic field (IMF) direction. Under northward IMF their statistics for high latitudes at 4 R E < |Z| < 8 R E showed a higher asymmetry for quadrants where the location of a diamagnetic cavity is predicted. During southward IMF with positive B y it was found that the intensity of H+ is much higher at the dusk-side than that at the dawn-side for both the dayside magnetosphere and nightside plasma sheet in the northern hemisphere. However, this dusk-side favored asymmetry was absent in the Southern Hemisphere at the dayside. Their study concluded that the location of the cusp diamagnetic cavities [Nykyri et al., 2011a] , which depend on the IMF orientation, can contribute to the observed asymmetry in the energetic ion population in the dayside magnetosphere and plasma sheet.
Polar and Cluster spacecraft observations have revealed that depending on the orbit altitude and prevailing solar wind conditions cusp crossings can look quite different when comparing magnetic field and plasma signatures. The outbound (northern hemisphere) cusp crossings from Cluster have revealed that reconnection tailward of the cusp during northward IMF leads into strong field aligned flows which are observed when spacecraft enter the reconnected cusp fields lines from tail lobe [Vontrat-Reberac et al., 2003] . The magnetic field strength during these type of cusp crossings is still large, ≈ 100-60 nT, and gradually decreases to ≈ 40 nT. However, the de-trended magnetic field data has revealed strong fluctuations of the magnetic field and the existence of discrete wave modes and turbulence [Nykyri et al., , 2006 . When moving further away from field lines that have recently reconnected into the region of accumulated by old reconnected flux, the spacecraft observe stagnant plasma. Lavraud et al. [2002] coined the term "Stagnant Exterior Cusp (SEC)" characterized by stagnant plasma and more isotropic ion velocity distributions. A statistical study of the properties of the 40 SEC crossings has shown that the large amplitude magnetic field fluctuations are closely associated with the larger magnetic shear angle, which is consistent with high-latitude reconnection process [Zhang et al., 2005] . This study also found energetic (> 28 keV) protons during 80 percent, and energetic electrons during 23 percent of the SEC crossings.
The magnetic field during SEC observed by Lavraud et al. [2002] has shown a gradual decrease from ≈ 40 nT to ≈ 10 nT. The encounters of the DMCs, however, have revealed very abruptly and strongly depressed magnetic field with respect to surrounding boundaries. For example, four Cluster spacecraft had encounters with two DMCs during February 14th 2003, first during northward and subsequently during southward IMF (see Figure 1a) . The 5000 km spacecraft separation allowed for the first time a detailed determination of DMC structure and dynamics [Nykyri et al., 2011a] . During the 1st cavity encounter the magnetic field rapidly dropped from 80 nT (in lobe magnetosphere) to 4 nT (in cavity) at Cluster 1 which had the highest z-coordinate. When IMF turned southward, a new cavity formed sunward of the old cavity. The 2nd cavity observations were bounded by observations of magnetosheath plasma and characterized by magnetic field decrease from 60 nT (in the magnetosheath) to ≈ 5 nT in the cavity. Throughout both cavity encounters strong magnetic field fluctuations were present. Nykyri et al. [2011b] showed that most of these fluctuations in the magnetic field strength were due to motion of the cusp boundaries or transient reconnection signatures. Nykyri et al. [2011a] reported that according to their survey Cluster encountered clear DMCs only when the dynamic pressure of the solar wind was high enough (typically above ≈ 2 nPa). During many (about one third) of the high-altitude cusp crossings Cluster observes a magnetic field that is not depressed like during DMCs but gradually decreases from ≈100 nT to ≈20 nT. The Polar spacecraft observed DMCs during high-altitude cusp crossing for extended time periods, because the DMCs are in the apogee of the orbit and Polar moves very slowly through this region. Cluster moves faster through this region and at lower altitude, so it only encounters clear DMCs during intervals of enhanced dynamic pressure. For example, the inbound southern cusp crossing under southward IMF by Clus-ter (see Figure 1d ) reported by Cargill et al. [2004] occurred during high SW dynamic pressure of ≈ 2-3 nPa, and the crossing shows a rapid depression of about 60 nT in the magnetic field strength lasting only about 5 minutes and coinciding with higher ion temperatures and reduced densities with respect to surrounding regions.
In this paper we present a case study of Magnetosphere Multi-Scale (MMS) observations during October 2nd 2015, when MMS traversed dusk-ward from the dayside magnetosphere through the high-latitude dayside boundary layer, and had multiple encounters with trapped high-energy particle populations in depressed magnetic field regions. The duration of quasi-periodic encounters with the high energy particles lasted for several hours, but in this paper we focus on a sub-interval from 9:18-9:30 UT. The MMS trajectory between 8:00-11 UT is marked with red trace in Figures 1j and k. The MMS separation is only about 20-30 km, so all spacecraft observe essentially the same large scale plasma and magnetic field features.
Methods

Instrumentation and data used
All magnetospheric data shown in Figure 2 is taken from NASA's four MMS satellites . We use the level 2 data from the Fast Plasma Investigation (FPI) [Pollock et al., 2016] for the ion energy spectra and moments; Flux Gate Magnetometers (FGM) Torbert et al., 2016] for the DC magnetic field, energetic electron distribution and pitch angle data will come from the Fly's Eye Energetic Particle Spectrometer (FEEPS) instrument. Proton and oxygen distribution and pitch angle data is available from the Energetic Ion Spectrometer (EIS) . The versions of the data files used are v4.18.0.cdf, v3.1.0.cdf, v6.0.1.cdf, and v3.0.0.cdf for FGM, FPI, FEEPS and EIS, respectively. Solar wind conditions are taken from the OMNI (http://omniweb.gsfc.nasa.gov/) database [King and Papitashvili , 2005] .
Global MHD modeling using BATSRUS
In order to put the MMS observations in the context of the magnetospheric boundaries, we have simulated the event from 08:00 to 11:00 UT using Solar Wind Modeling Framework (SWMF/BATSRUS [Tóth et al., 2005] ) using 34.7M cells and 1/16 R E numerical resolution at the inner boundary. The run results and model settings can be found at NASA community coordinated modeling center (CCMC) (https://ccmc.gsfc.nasa.gov/results) with the following run ID: Katariina N ykyri 020918 2.
Loss cone pitch angle calculation
The loss cone pitch angle,
is calculated assuming the conservation of the particle energy and first adiabatic invariant and assuming that particles in the strong field region only have perpendicular kinetic energy. The loss cone pitch angle calculation uses a constant magnetospheric field value of 45 nT.
3 MMS observations of energetic particles at southern cusp diamagnetic cavity and MHD simulations MMS is located in the vicinity of he dayside dusk sector of the southern cusp and dayside magnetosphere (R ≈[7.9, 6.4, -4 .3])). The IMF (panel h) is steady southward (B z ≈ -6-7 nT) with a strong dusk-ward component (B y ≈ +6-7 nT ). The B x varies between -1 to +0.5 nT. Solar wind velocity varies between 360-400 km/s, and density varies between 3.9-5.5/cc inducing dynamic pressure of the order between 1.1-1.5 nPa during the interval. Between 9:18-9:18:40 UT MMS is in the magnetosheath (msh, yellow highlighted column), characterized by low energy plasma (panel c) with lower temperatures and high ion densities (panel d). Between ≈ 9:19-9:21:15 it encounters gradually increasing strong tail-ward plasma flows (panel e) and magnetic field rotation (panel g). The plasma density reduces from magnetosheath values to about 6-11/cc and temperature slightly increases. Magnetic field strength shows about 30 s oscillations with about 10 nT amplitude, creating a wavy signature in ion-beta (panel f). Comparison of the observed magnetic field and plasma flow with the magnetic field topology in Figure 1j and k is consistent with the MMS trajectory from the magnetosheath through the rotational discontinuity where B x and B z first become more negative when MMS enters the magnetosheath side of the reconnected field line, and then gradually turn positive when MMS moves to the magnetospheric side of the reconnected field line. The B y is positive (panel g) both on draped IMF field lines and on Earth's magnetic field lines in this location as can be expected based on Tsyganenko 96 [Tsyganenko, 1996] model (see Figure 1j) and from global MHD model (see Figure 3a and d). Figure 4 shows that during between 9:18:30-9:21:15 UT there exists an excellent deHoffmanTeller frame (slope = 1 and correlation coefficient = 0.94), and a good Walén relation (slope = -0.822 and cc. = -0.94). The deHoffman Teller frame (HT) velocity is tailward, poleward and dusk-ward, roughly consistent with the direction of purple arrow in Figure 1k .
The magnetic field strength (panel k) shows field depression of about 22 nT. The depressed field regions correlates with enhanced fluxes of high energy (70-1000 keV) electrons (panels a and j) and protons (48-209 keV) (panels b and i). In pitch angle plots (panels i and j), the black lines represent the boundary of the loss cone for the particles inside the cavity: assuming adiabatic particle motion the particles that have pitch angles between the black lines are trapped and cannot originate from the higher magnetic field region directly without some reprocessing. In particular, the 70-1000 keV electrons seem to be well trapped in the depressed field regions. In the magnetosheath there exists parallel high energy proton fluxes. These protons close to magnetopause boundary could originate from quasi-parallel bow shock from the northern hemisphere. At the end of the main cavity observation between 9:23-9:25 UT, in addition to trapped proton population, MMS observes also anti-parallel high-energy protons in the loss cone. Because main magnetic field is in the positive y-direction during this interval, it appears these particles are moving from dusk to dawn potentially leaking out from the cavity.
It is interesting to consider whether these reconnection flows prior to cavity observation could originate from component reconnection dawn-ward and northward of the MMS. Figure 3 shows high-resolution MHD global simulation results, together with MMS1 location projected in each plane, of the plasma and field properties of the dayside magnetosphere at 09:24 UT. The diamagnetic cavities, directly generated by magnetic reconnection in maximum magnetic shear regions in similar manner as described by Nykyri et al. [2011a] ; Adamson et al. [2011 Adamson et al. [ , 2012 , are indicated by a strongly enhanced plasma beta tailward of the MMS at x = 4 R E (a). The Alfvén Mach number at the MMS location (x = R E ) is nearly one, suggesting that this region could be KHI unstable for certain k-vector orientations, but also that reconnection may be suppressed in this region by strong flow [Chen, 1997] (b). The y-component of the current density (J y ) in x, z-plane with a cut at the y =0 shows that J y is enhanced at the extended region around dayside magnetopause potentially favoring component reconnection (c). The magnetic field strength in z, y-plane with a cut at MMS location (x = 7.9 R E ) shows that magnetic field, while lower than in the magnetosphere, does not quite reach such as low values as observed by the MMS. We also produced cuts along the simulated MMS orbit of the magnetic field, plasma flow velocity, density and temperature (not shown). The range of density (n), temperature (T ), velocity (v x , v y , v z ), magnetic field ( b x , b y , b z and b t ) variation between 9:18-9:30 UT are as follows: n = 
Conclusions and Discussion
The main conclusions of this paper can be summarized as follows: We have shown using MMS data and Tsyganenko 96 and Global MHD modeling that 1. MMS orbit can reach the southern high-altitude cusp and associated boundaries.
2. MMS observed flows and magnetic field rotation consistent with magnetic reconnection occurring dawn-ward and above of the MMS spacecraft.
3. MMS observed closely 90 degree pitch angle high-energy electrons and protons in the depressed magnetic field regions with nearly stagnated flow.
A puzzle remains is that why the diamagnetic cavities (characterized by high plasma beta, depressed magnetic field, trapped high-energy particles) formed in the "wrong" location. It is not clear how the ring current or radiation belt particles could manifest themselves in these high-latitude pockets of depressed magnetic field. Previous Cluster observations and the IMF orientation for the present event are consistent with the global MHD simulations of the expected cavity locations (see Figure 3a , e and f) at the northern dusk-side and and at the southern dawn-side of the major cusp funnel. The component reconnection at the dayside, while qualitatively consistent with the HT frame and Walén relation observations, is not supported by the high-resolution MHD simulations which should well resolve the magnetic reconnection at the dayside magnetopause.
It is interesting to note that, while the velocity in the cavity is almost zero, the strong flows (see pink shaded region in Figure 2 ) (∼ 400 km/s) before cavity observation (hereafter labeled as Boundary Layer (BL)) are orientated along the (southern) poleward and tailward directions. A region with such a large shear flow, that is mostly perpendicular to the magnetic field, can be Kelvin-Helmholtz (KH) unstable. The KH instability onset condition requires
where α BL = n BL /(n BL + n cavity ), α cavity = n BL /(n BL + n cavity ), n is the number density, V A = B √ µ 0 m i n is the Alfvén velocity, and the k is the KH wave-vector. To examine whether the configuration between 9:21-9:24 UT is KH stable or not, we assume that the first half minute as the boundary layer side, the last half minute as the cavity side, which gives n BL = 4.89 cm −3 , n cavity = Figure 5 shows the value Q as the function of the unit vector of the KH k-vector in the spherical coordinates. The color code values above zero mark the k-vector orientations with respect to the velocity shear that satisfy the onset condition between 9:21-9:24 UT. The computation of the solid angle of the unstable k-vector orientations indicates that about 50 percent of all the possible k-vector directions are KH unstable. It may therefore be possible that the KH instability operating at the high-altitude southern cusp may contribute to the twisting of the local magnetic field close to the MMS spacecraft generating magnetic reconnection and creating a magnetic bottle configuration where local energization could be possible via particle drift in reconnection quasi-potential . Indeed, KH instability has been observed before at the high-altitudes [Hwang et al., 2012; Ma et al., 2016] .
In conclusion, the role of the magnetic reconnection and KH instability on the generation of the diamagnetic cusp cavities, as well as the possible local acceleration in the vicinity of the high-latitude and altitude magnetospheric cusps needs to be further studied with help of 3-D global MHD simulations with test particles and with more MMS events. It is likely, based on this case study and analysis of the MMS orbits during "leakage events" that some of the high energy electrons originate from these depressed magnetic field regions at high-altitude cusps with high fluxes of high-energy particles. 
